Coffee was introduced into Rwanda by German missionaries in 1904 and was cultivated mainly for the colonial administration. Production gradually increased over time, reaching a peak in the mid-1980s. In 1987 ,000 tons of semi-washed coffee was produced ( Figure 1 ). During subsequent years, production dropped to an annual average of 26,000 tons, mainly due to ageing coffee trees, a decline in soil fertility, low coffee prices to the farmers, and the 1994 genocide.
From 2000, the Rwandan coffee sector started to receive increased interest internationally; thus, in 2002 the Government of Rwanda issued a National Coffee Strategy to promote the cultivation and production of high-quality coffee. Between 2002 and 2011, production increased by 20%, but coffee exports increased by 150% (Figure 1 ) (NAEB, 2011) . Over the same period, coffee production increases of 20% and 8% per year respectively were reported in Vietnam and Brazil (D'Haeze et al, 2005) .
In 2005, the total extent of coffee production was about 26,000 ha, which then increased to 33,000 ha by 2010 (NBR, 2010) . Most of the suitable land for coffee is located on the borders of Lake Kivu (Figure 2 ). In 2010, coffee production covered 2.3% of total cultivated land and produced 19,320 tons (NAEB, 2011) . The price of coffee cherries paid to farmers increased from RwF250 to 1,200 kg -1 between 2000 and 2010 ( Figure 3 ). Rwanda used to produce semi-washed or semi-processed and ordinary coffee of low quality, which was then sold at a lower price than speciality coffee and was subject to less price fluctuation. With low prices being paid for coffee, growers lacked the necessary finance to reinvest in farming improvements. However, with the implementation of a new coffee strategy, the government started to promote new higher-yielding varieties to increase production of higher-quality coffee. This then influenced the way the crop was cultivated, with changes in soil management practices being critical in improving coffee production and quality. 
Soils and soil fertility
In Rwanda, there is a reasonable body of existing knowledge on soil and soil fertility (Mbonigaba et al, 2009) . Soils in Rwanda are mainly derived from Precambrian and Quaternary parent materials. Plinthite and ironstone are found in the strongly weathered soils of the eastern part of the country. About 75% of soils are acidic, with a pH below 5.5 (Beenart, 1999) . Soil acidity includes high exchangeable aluminium (Al) and possible Al toxicity for sensitive crops. Plant growth and production on these soils is limited by increasing depletion of N, P, Ca and Mg, high P adsorption (1,500 to 3,000 mg kg -1 of soil), low permanent charges (-0.5 to -2.45 cmol + kg -1 ) and Al toxicity. Generally, soil organic carbon is low, with the exception of soils in the valley swamps and forests where C concentrations may exceed 10%. Most volcanic soils and soils under natural forests (for example, Nyungwe and Gishwati forests) are high in N; soils with N deficiency are mostly found in the central and southern parts of the country. Phosphorus is the main element that limits crop yield in most soils, but particularly in the soils derived from volcanic deposits. About 87% of soils have a pH < 5.2 and are P-deficient (P < 30 mg kg -1 of soil) (Mukuralinda, 2007) . Soils under coffee farming systems are characterized by very low pH values (< 5.0) with high soil aluminium toxicity (> 30%), very low Ca (< 30%), Mg (< 10%), N (< 0.16%), P (< 20 ppm), K (< 5.8%), S (< 20 ppm), Zn (< 1 ppm) and Bo (< 0.8 ppm) (Cordingley, 2009 ). A high aluminium toxicity level reduces root development and limits crop yield through reduced nutrient and water uptake. Calcium and magnesium deficiencies are common in most coffee farming systems throughout the country due to high aluminium toxicity in acid soils. Moreover, removal of crop residues after harvest is a common farming practice and a major cause of nutrient loss. Crop residues are mostly high in K and grains are high in P. By removing residues, K and P deficiencies gradually develop (Yamoah et al, 1990) . Coffee export value (US$ million) 1980 1981 1982 1985 1986 1987 1989 1990 1991 1992 1993 1995 1996 1997 1998 1999 
Coffee farming systems
Coffee is grown mainly by smallholders, with farming systems characterized by land fragmentation and many small plots scattered on hillsides. Depending on the number of trees per plot, farmers generally own between two and six plots. The scattered plots and the distance from home to the plots reduce the frequency of plant and land management practices. The Ministry of Agriculture and Animal Resources is implementing a land consolidation policy to reorganize land use patterns. Although coffee farmers are encouraged to adopt a monoculture farming system, intercropping is mostly used because of land scarcity and land pressure. A coffee field often contains food and cash crops such as banana, sweet potato, taro, cassava, yam, beans, cowpea and horse grams. Cultivation of these crops between rows of coffee plants enables farmers to achieve a better combination of food and cash crops. However, it also results in competition for water, nutrients and light, leading to reduced coffee growth and low coffee yields. In Burundi, Uganda, Tanzania, western Kenya and the eastern Democratic Republic of Congo (DRC), coffee is sometimes grown in association with agroforestry (AF) tree species. The AF species for coffee include Leucaena leucocephala, Calliandra calothyrsus, Tephrosia vogerii and banana (Boffa et al, 2009) . The N-fixing trees that are intercropped with coffee are pruned regularly to moderate the shade levels and maintain adequate coffee productivity. The use of N-fixing trees can also increase litter decomposition and N availability and may increase soil organic matter through tree biomass, which helps to stabilize soils against erosion, reduce soil disturbance and improve soil chemical and physical properties (Mulumba and Lal, 2007) . As many of the soils used for coffee in Rwanda are characterized by N deficiency and high Al toxicity, farmers could benefit by adopting agroforestry coffee farming systems to improve coffee productivity.
Banana as a shade tree in coffee farming is not widely used in Rwanda, in contrast to Uganda and Kenya where it is a primary food and cash crop. Banana interplanted with coffee has been reported to increase coffee yields, with no significant yield differences between monocropped and coffee-banana intercropping systems (Van Asten et al, 2011) ( Table 1) . Rwandan coffee is mainly cultivated without shade, in contrast to other regions, notably in Central America (Van Oijen et al, 2010) . Coffee production without shade can be as high as in shaded systems, provided inorganic fertilizers are applied (De Souza et al, 2012) . In Mexico, small-scale coffee farmers prefer the shade system because it also provides them with timber, firewood and fruit (Peeters et al, 2003) . It is often assumed that a coffee treeshade system is beneficial ecologically as well as economically (Borkhataria et al, 2012) . However, a significant decrease in coffee yield has been reported in a high shade-tree density. Shade may be beneficial to reduce extremes in temperatures and rainfall and regulate fruit bearing, but in general it gives lower yields (De Graaff, 1986) . Coffee without shade trees produces higher yields only if land and crop management systems, varieties, altitude and climatic conditions are considered. Unshaded coffee is more susceptible to failing harvests.
Soil fertility management

Mulching
Mulches used in coffee farming include Eucalyptus branches, Grevillea branches, sorghum thatches, Panicum spp., Cymbopogon spp., sugar cane leaves, banana leaves and mixed residues. Looking at the steep landscape of the country, mulching is adopted in coffee farming to protect the soil surface from the kinetic energy of the raindrops. Furthermore, mulching is usually used as a soil conservation measure. According to Romero et al (2002) , the increased nutrient concentrations in soils with mulches occur through direct leaching or decomposition. N and K can be provided to the soil directly by mulching and/or organic fertilization. About 10 to 25 tons of mulch per ha (a layer of ± 10 cm) can be used in coffee farming to provide 110 kg of N, 1,200 kg of K, 18 kg of Ca and 30 kg of Mg per ha, depending on the type of mulch (Coste, 1989) . Foshee et al (1999) reported that straw mulch markedly increased K concentrations in tree farming. Hay mulch used as ground cover in orchards increased topsoil nitrate (NO 3 ), K and Mg concentrations Coffee farming in Rwanda (Merwin et al, 1995) . The application of mulch in coffee farming systems increases the content of soil organic matter and soil aggregate stability. Mulch availability is limited, but improvements in coffee production have been reported when applying it. Most farmers know about the benefits of applying mulch, but apply low quantities because of cost and labour constraints.
Organic and chemical fertilizers
Both organic and chemical fertilizers are used in coffee farming; organic fertilizers are usually prepared by mixing grasses, crop residues and/or animal manure in compost. Inorganic fertilizers include NPK (20-10-10) applied at 400 g per tree per year, or NPK (17-17-17) at 120 g per tree per year, plus urea (46% of N) at 75 g per tree per year. These are applied in two doses (March and September) and at half the dose to reduce the potential for leaching loss (Minagri, 2010) .
Depending on the coffee variety (Mibilizi, Catuai, Catimor, BM, Barrar, Jackson, Baraka), agroecological conditions and soil and plant management, coffee yields can vary between 0.8 and 2.8 tons ha -1 of dry coffee beans (Loveridge and Nyarwaya, 2003) . Yields above 2.8 t ha -1 for dry coffee are rare. In the western part of the country, soils are highly suitable for coffee and yields vary between 1.1 and 1.6 tons ha . Coffee yield in the eastern region is low (average 1.0 t ha -1 y -1 ). Potassium deficiency impacts on coffee yield, especially berry size. Potassium deficiency is mainly observed in acidic soils developed on shale parent material (Cordingley, 2009 ). Nitrogen deficiency is often observed on degraded and poorly managed soils. N deficiency in coffee farming has the largest influence on vegetative development, leading to reduced photosynthetic potential (Cordingley, 2009 ). Phosphorus (P) is required in smaller amounts compared with N and K. Both P and K are required to stimulate coffee growth in young trees. In mature trees, P is required to play a role in flower development, and thus improve yield. Low levels of P can affect the size of coffee beans (Cordingley, 2009) .
The use of fertilizers is not always effective when the soil is low in organic matter. In the southern part of Rwanda on the gravelly Oxisols (low in organic matter content) the use of NPK (20-10-10) yielded around 0.32 kg of dry beans per tree per year (0.8 ton ha -1 ) (Mukashema, 2003) . Organic fertilizers are applied in order to increase the physical properties of the soil and its nutrient-holding capacity. On the very acid soils of Rwanda, Ca and Mg are added every three years by applying 1 kg of lime/ travertine per tree to decrease soil acidity (Minagri, 2010) .
Soil erosion and soil conservation
Rwanda has many high mountains and steep-sloped hills, with much of the farmland suffering from moderate to severe soil erosion. Maximum soil loss has been estimated at 557 tons ha -1 yr -1 (Republic of Rwanda, 2003) . In the southern province of Butare, on a 28% to 55% slope where traditional agricultural practices were used, soil losses were reported to be about 250 tons ha -1 yr -1 (König, 1992) . Lewis and Nyamulinda (1996) reported values of up to 270 tons ha -1 yr -1 on a 60% slope without any vegetation.
Measurements on run-off plots have shown that sheet and rill erosion can reach 300 to 700 tons ha -1 yr -1 on 20 to 60% slopes with the regional rainfall erosivity factor (R) varying between 250 and 700, and the soil erodibility factor (K) varying between 0.001 and 0.20 (Roose and Ndayizigiye, 1997) . These values are very high and are found in fields without soil conservation techniques such as mulching and/or terracing.
With little natural mulch formed by litter, considerable soil erosion losses have been observed in coffee plantations (Hartemink, 2005) . Ataroff and Monasterio (1997) reported larger soil erosion losses in unshaded coffee plantations (1.57 tons ha -1 yr -1
) compared with shaded coffee (0.73 t ha -1 yr -1 ). Studies in Colombia, Venezuela and Indonesia on run-off plots measured soil losses ranging from 0.2 to 8.9 t ha -1 yr -1 in established coffee plantations (Iijima et al, 2003) . Assuming a crop factor (C = 0.415 for coffee) and using the USLE model, Angima et al (2003) reported soil losses of 112 to 290 tons ha -1 yr -1 under coffee. These values are much lower compared with the actual erosion rates in Rwanda. Mulching significantly reduces soil erosion (Lewis, 1988) . In Rwanda, with 20 tons ha -1 yr -1 of mulch in coffee plantations, erosion can be reduced to less than 1 ton ha -1 yr -1 (Roose and Ndayizigiye, 1997) . Soil erosion also leads to nutrient loss. Table 2 indicates the nutrients lost in one production year from coffee fields in Rwanda, assuming a soil erosion rate of 15 tons ha -1 yr -1 . This will lead to a deficit of nutrients and decrease in yield. Soil erosion accounts for up to 50% of all nutrient losses (Stoorvogel and Smaling, 1990) .
Soil conservation includes erosion control measures (for example, bench terraces, sloping or progressive terraces, and ditches) and soil management such as application of organic fertilizers (manure and compost), application of inorganic fertilizers, liming, mulching, agroforestry and crop rotations. The physical measures include using trenches or ditches, progressive terraces (PT) using grass or vegetation strips, soil bunds, bench or radical terraces and narrow bench terraces. Radical/bench terraces have been shown to improve water retention and soil nutrients and to increase yield (Fleskens, 2007) . However, farmers often mention the high labour cost required to maintain them (Bizoza and de Graaff, 2012) .
Discussion and conclusions
Coffee is important for the Rwandan economy and for the livelihoods of its many farmers. Government policies have helped stimulate more efficient and higher-yielding coffee production. But these policies only become effective if soil resources and management are taken into account. Generally, coffee is cultivated as a pure-stand commercial crop or monoculture farming. Intercropping is common because of limited cultivable land for annual cropping. Coffee intercropping with food crops can increase competition for nutrients, light and water, and thus affects yield. Although intercropping practices do not leave the soil surface bare, they may contribute to controlling erosion, mainly for coffee cultivated on marginal land such as steep slopes of upper hillsides. Crop residues that are removed, together with coffee litter, can be used as a mulch to control water erosion, but also to improve the Coffee farming in Rwanda Stoorvogel and Smaling, 1990. soil physical and chemical properties. In addition, to control water erosion, coffee farmers use various management practices, including mechanical man-made trenches, hedgerows, mulching, or a combination of the mechanical and biological methods. Mulching remains the dominant management practice to control erosion and weeds. In addition to the use of sustainable land management technologies, considerable focus should be directed towards farmers' training and awareness raising through participatory extension methods, such as farmer field schools (FFS).
Organic fertilization (with manure, composted coffee pulp and lime) should be promoted on a large scale as this is at the heart of sustainable soil management. Such applications can help maintain and build soil carbon levels and supply nutrients in a well balanced ratio. Liming will ensure that the soil pH is within the optimum range for soil microbial activity, which will correct the high aluminium toxicity and thus improve the efficiency of nutrient uptake. In most Rwandan soils, a supply of 50-60% Ca and 10-16% Mg is recommended to stimulate soil biological activity (Cordingley, 2009 ). The adoption of organic and liming applications could reduce the input of mineral fertilizers required to achieve higher coffee yields.
In order to promote organic fertilizer use, the government has invested in the sensitization and mobilization of farmers. In 2011, 3,055 tons of organic fertilizers were applied to 11,000 ha of coffee (Minagri, 2012) . The application of mineral fertilizers in coffee farming is practised, but a lack of sufficient farmer awareness of the value of applying mineral fertilizers limits coffee productivity. NPK fertilizer is widely used at the 20-10-10 ratio, but it is essential to apply fertilizers closer to a 1:1 ratio for N:K in soils with a low K content (Cordingley, 2009) . In 2012, the government targeted 4,000 tons of mineral fertilizers at 35,000 ha of planted coffee, with an investment cost of US$2.9 million (NAEB, 2012) . This investment cost could only be recovered if current coffee productivity increased to 7.5 tons ha -1 (NAEB, 2012) .
Finally, the government is also encouraging farmers to join the land consolidation programme, whereby coffee can even be cultivated as 'Ibiterane', meaning larger coffee plantations. This programme aims to aggregate smalholder farms into larger landholding units to make them more suited to monoculture farming.
